Rensch's rule, a well-studied macroevolutionary pattern of sexual size dimorphism (SSD), predicts, in monophyletic taxa in which males are the larger sex, that as the body size of the species in the clade increases, SSD increases as well. We tested Rensch's rule in the superfamily Majoidea, a diverse clade of 'spider crabs.' Considering that having the widest range of data available is important when testing macroevolutionary hypotheses, we first explored SSD in the pygmy spider crab Petramithrax pygmaeus (Bell, 1836), one of the smallest spider crabs in the superfamily. Petramithrax pygmaeus exhibits an unusual pattern of sexual dimorphism, with females displaying a larger average carapace width than males, yet males attain a larger overall body size. This type of SSD is unusual for spider crabs, with most species displaying male-biased sexual size dimorphism for both mean and overall body size. Hierarchical cluster and discriminant analyses demonstrated the existence of two distinct ontogenetic phases in P. pygmaeus (juvenile/prepubertal and adult/postpubertal). We used our data on body size of P. pygmaeus along with previously published body-size data for 11 other species within the superfamily Majoidea to test for Rensch's rule. Using raw data, phylogenetic independent contrasts generated from maximum likelihood (ML) and Bayesian inference (BI) phylogenetic trees, and reduced major axis regression analyses, we determined that for the tested species in the Majoidea that the predictions of Rensch's rule were not upheld. Macroevoultionary patterns such as Rensch's rule are not well studied in marine invertebrate systems; looking at how these rules compare between vertebrate and invertebrate and terrestrial and aquatic animals will help us to understand the differences and factors that could influence size and growth in these systems.
INTRODUCTION
Sexual dimorphism in terms of body size and/or body structures used as weapons (e.g., antlers, horns, canines, mandibles, chelipeds, gnathopods) varies considerably in animals with separate sexes. Male body size is significantly larger than that of the females in some species, and/or they might invest heavily in structures used as armament as in the red deer (Clutton-Brock et al., 1982) and in the southern elephant seal Mirounga leonina Linnaeus, 1758 (Lindenfors et al., 2002) . Other species display no or reduced sexual dimorphism as in the case of humans (Richmond and Jungers, 1995) and body size cannot be reliably used to distinguish between sexes. In a third case, some species exhibit sexual dimorphism that is reverse and extreme. In the banana spider Nephila pilipes (Fabricius, 1793) , for instance, the body length of females is >12 times that of the adult males (Robinson and Robinson, 1973) . Explaining the direction and extent of sexual dimorphism both in terms of body size and weaponry is one of the most relevant yet still * Corresponding author; e-mail: jbaezam@clemson.edu not completely understood problems in evolutionary ecology (Clutton-Brock, 2007) .
Conditions thought to drive sexual dimorphism in species with separate sexes include resource (food, mate, or territory) partitioning driven by inter-sexual competition (Darwin, 1871; Temeles et al., 2000) , fecundity selection in females (Andersson, 1994; Huber, 2005) , and sexual selection (Emlen and Oring, 1977; Shuster and Wade, 2003) . Our understanding of sexual dimorphism has improved considerably during the last decades and the role that sexual selection plays in determining the direction and extent of sexual dimorphism is now well established (Andersson, 1995; Shuster and Wade, 2003 and references therein) . Importantly, the extensive body of literature accumulated on sexual size dimorphism (SSD) has also permitted the detection of relevant evolutionary trends that apply to large numbers of unrelated phylogenetic taxa.
One particularly well-recognized evolutionary trend on SSD, called Rensch's rule, as was first proposed by Bernard Rensch in 1950, predicts, in monophyletic taxa in which males are the larger sex, that as the average body size of the species in the clade increases, SSD increases as well. Conversely, in clades in which females represent the larger sex, the rule states that as the average body size of the species in the clade increases, SSD will decrease (Rensch, 1950 ). Rensch's rule is mostly attributed to differential sexual selection regimes between males and females. As females often prefer to mate with larger sized males in a population, the average male body size is expected to increase through the evolutionary history of a monophyletic clade. Considering that body size is most likely a genetically linked trait, a correlated increase in female body size is also expected to happen through evolutionary time within the same clade. Nonetheless, given that sexual selection is often more intense in males than in females, the ultimate evolutionary outcome is a disproportional increase in male body size compared to that of females within a clade (Fairbairn and Preziosi, 1994; Abouheif and Fairbairn, 1997; Fairbairn, 1997) .
Formal tests of Rensch's rule have been conducted in birds (Székely et al., 2004; Dale et al., 2007) mammals (Polak and Frynta, 2009) , and reptiles (Stuart-Fox, 2008) among others (also see Abouheif and Fairbairn, 1997) . In turn, studies testing whether or not Rensch's rule applies to invertebrates are rare. Exceptions include studies on argiopine spiders (Cheng and Kuntner, 2014) , melanopline grasshoppers (Bidau et al., 2013) , stoneflies (GuillermoFerreira et al., 2014) , waterstriders (Fairbairn, 2005) , and other insects (Blanckenhorn et al., 2006) . To the best of our knowledge, only one formal test of the rule in marine invertebrates has been performed. Hirst and Kiørbe (2014) examined both free-living pelagic and parasitic copepods to test multiple theories describing macroevolutionary patterns of sexual size dimorphism, one of which was Rensch's rule. They found little support for Rensch's rule in their study. Similarly, research on sexual dimorphism has primarily focused on terrestrial animals such as spiders (Huber, 2005) , lizards (Carothers, 1984; Lailvaux and Irschick, 2007) ; birds (Dunn et al., 2001) , mammals (Briggs and Morejohn, 1975; Clutton-Brock et al., 1982) , freshwater vertebrates (the platyfish Xiphophorus nigrensis Rosen, 1960; Ryan et al., 1990) , and marine vertebrates such as fishes (Uglem et al., 2001) . In comparison, studies on sexual dimorphism in marine invertebrates are relatively few and biased towards select groups: isopods (Shuster and Wade, 1991) brachyuran crabs (Christy, 1983) , caridean shrimps (Bauer and Abdalla, 2001; Baeza, 2007 Baeza, , 2010 squids (Arnold, 1962) , and the horseshoe crab Limulus polyphemus Linnaeus, 1758 .
We are interested in testing Rensch's rule using 'spider crabs,' a group of marine brachyuran crabs recognized because of their remarkable disparity in terms of coloration, morphology, behavior, and body size (Rathbun, 1924; Baeza et al., 2009 Windsor and Felder, 2014; Davie et al., 2015) . Although sexual dimorphism is relatively well studied in crustaceans, including spider crabs, when compared to other groups of aquatic invertebrates, little is known about sexual dimorphism in dwarf species of marine invertebrates. Information on these minute (as well as the largest) crabs within a clade are particularly relevant when testing for macro-evolutionary hypotheses such as Rensch's rule as having the widest available range of body sizes permits a more robust testing of these hypotheses. Our first goal was to describe sexual dimorphism in terms of body size, weaponry, and sexual characteristics in a species that exhibits phyletic dwarfism: the pygmy spider crab Petramithrax pygmaeus (Bell, 1836) . This crab belongs to the species-rich superfamily Majoidea (spider crabs), but sets itself apart even within this disparate group because it reaches adult body sizes no larger than 12 mm carapace width (Rathbun, 1924; pers. obs.) . By contrast, most spider crabs attain adult body sizes larger than 6 cm and this clade also contains one the largest brachyuran crabs known, Damithrax spinosisimus (Lamarck, 1818) , which is the largest crab in the Caribbean Sea, Gulf of Mexico, and eastern Atlantic Ocean . Petramithrax pygmaeus can thus be considered a phyletic dwarf. After the description and analysis of sexual dimorphism in P. pygmaeus, we built a body-size database using previously published data on sexual dimorphism in Majoidea. Using this information and previously published genetic sequences we tested whether or not Rensch's rule applied to this group of crabs.
MATERIALS AND METHODS

Sampling of Petramithrax pygmaeus
Individuals of P. pygmaeus were collected between spring 2003 and fall 2008 from subtidal (3-4 m depth) reef-bottom communities and coral reefs at Playa Larga Reef (8°38 0.75 N, 79°1 47.90 W), Isla Contadora, Pearl Islands, Panamá. Crabs were captured using artificial reef framework units (ARF) constructed from plastic mesh (23 cm high, 28 cm diameter, approx. 2.4 × 2.1 cm mesh pore) filled with coral rubble pieces of variable size (1-10 cm length). For a detailed description of ARFs, see Enochs et al. (2011) . A total of twenty ARFs were deployed in the field and retrieved after two months. After ARFs collection, seawater and ARF rubble was separated over a 2 mm mesh filter and all observed crabs were gently collected with forceps and preserved in 70% ethyl alcohol. Crabs were then transported to Clemson University, Clemson, SC, USA, where all measurements and analyses were taken and conducted.
Measurement of Body Parts of Petramithrax pygmaeus
Carapace width (CW; measured from the second set of spines), carapace length (CL), abdomen width (AW; measured at the junction of the fourth and fifth abdominal segments), length of the merus of both chelipeds (ChM; the cheliped with the larger merus became the 'larger cheliped' and was used in analysis), length of the propodus of the larger cheliped (ChL), length of the merus of the second and third right pereopods (first (1R) and second (2R) walking legs), and the first or second right pleopod (1PL/2PL for males and females, respectively) were measured for each individual using a Leica MZ FL-III stereomicroscope with a precision of 0.01 mm. Specimens of P. pygmaeus were sexed by looking at the width and shape of the abdomen (wider in females) as well as at the first set of pleopods (rigid, modified as gonopods in males, and long and flexible in females) (Rathbun, 1924; . Females were also classified as either ovigerous or nonovigerous.
Allometric Growth in Petramithrax pygmaeus
In order to determine whether or not a linear (proportional) relationship exists between body-size (CW) and all other measured variables (CL, AW, ChL, ChM, 1R, 2R, and 1PL/2PL), the allometric model y = ax b was utilized (Hartnoll, 1978 (Hartnoll, , 1982 . When the slope b of the log-log leastsquared linear regression of the studied variables is greater than one, then the measured body part's growth increased more than proportionally with increases in CW. When the slope b is less than one, then the measured body part's growth decreased with an increase in CW. To determine if the relationship between CW and a measured body part deviated from linearity, a t-test was used to assess whether the estimated slope b deviated from the expected slope of unity. In the case of the length of the first or second right pleopod (1PL/2PL), instances where it was impossible to measure the body part because of small size, were removed when graphing, so as to not skew the slope of the relationship.
Growth Phases in Petramithrax pygmaeus
A visual examination of the data indicated the existence of two ontogenetic phases (with dissimilar growth rates of particular body parts) in both males and females of P. pygmaeus, as previously observed in a closely related spider crab, Mithrax (= Damithrax) spinosissimus . To determine whether more than a single growth phase exists in P. pygmaeus, both a hierarchical clustering and a regularized discriminant analysis were performed using the software package JMP Pro 12 (SAS Institute, Cary, NC, USA). A cluster analysis using Ward's minimum variance method was first performed using two measures, CW vs. AW, in females and CW vs. ChL, in males. Cluster analyses were performed for these two pair of variables, because they were the only cases where multiple growth phases were readily observed in the data. The Ward method was chosen as the best hierarchical clustering method to employ as it performs well with a limited number of observations. To create clusters using the Ward method, the error sum of squares (ESS) was used, and the clusters were grouped according to the minimum increase in the ESS between datasets (Aldenderfer and Blashfield, 1984) . After the clusters were created, a regularized discriminant analysis was run in order to confirm the presence of more than one growth phase. Regularization in a discriminant analysis employs two parameters, lambda and gamma, to help mitigate the exaggeration of the importance of some of the data (Friedman, 1989) . The values of lambda and gamma must be manually applied when the regularized method is used. Lambda and gamma both represent the tuning parameters by which the analysis is set. Lambda represents the shrinkage to common covariance and directs how to mix the individual and group covariance matrices (SAS Institute). The gamma value sets the shrinkage to diagonal, and specifies how to deflate the covariance across variables (non-diagonal elements) (SAS). The regularized lambda was set at 1.0, matching a linear discriminant analysis, and the regularized gamma was set at 0.5, implying that the covariances were shrunken (SAS). This discriminant analysis allowed us to confirm the validity of the clusters created in the previous test.
Testing Rensch's Rule in Spider Crabs
We tested whether or not Rensch's rule applies to spider crabs (superfamily Majoidea). We used SSD data and two different phylogenies generated using previously published mitochondrial 16S and nuclear 28S DNA marker sequences with which we obtained two different sets of phylogenetic independent contrasts (PICs; Felsenstein, 1985) (Table S1 for body size data and references for species used, and Table S2 for GenBank accession numbers in the Appendix in the online version of this journal, which can be accessed via https://booksandjourals.brilloonline.com/journals/1937240x). PICs are utilized because species on a phylogeny do not evolve independently of one another, and if the evolutionary history of species are not taken into consideration and accounted for, an overstatement of the significance of a relationship could occur (Felsenstein, 1985) . PICs help remove the confounding factors of phylogenetic relatedness so that the data used for regression or correlation studies are independent of one another (Felsenstein, 1985) . The contrasts we obtained were used to perform reduced major axis (RMA) regressions in a final test of Rensch's rule.
A total of 12 species of spider crabs in the superfamily Majoidea, including P. pygmaeus, were used during phylogenetic reconstruction and to test for Rensch's rule in this clade. The set of species was chosen based on the availability of both previously published data on SSD and the molecular markers above. The phylogeny used to obtain the first set of PICs was built using a single-phase maximum likelihood (ML) analysis as implemented in the software SATé-II ver. 2.2.7 (Liu et al., 2009 (Liu et al., , 2011 , while the second set of PICs was obtained after conducting a single-phase Bayesian inference (BI) analysis as implemented in the software BAli-phy (ver. 2.1.1; Redelings and Suchard, 2005) . A single out-group was included in both phylogenetic analyses for the purpose of rooting the tree but the outgroup was not included during PICs calculations.
In our single-phase (joint estimation of alignment and phylogeny) ML SATé-II analysis, we employed MAFFT 6.717 as the aligner (Katoh and Standley, 2013) , MUSCLE (Edgar, 2004a, b) as the merger, and maximum likelihood trees were created using FastTree 2.1.4 (Price et al., 2010) under the general time-reversible (GTR) + Gamma20 substitution model. We used the SATé-II fast algorithm, the centroid procedure to find the edge that should be broken to create sub-problems (the largest total number of taxa in the full data set that will be aligned during iterations) and used the 'Extra RAxML Search' post-processing option to request SATé-II to conduct a final RAxML (Stamatakis, 2006) search on the alignment returned by the SATé-II fast algorithm. All other settings were those automatically implemented by SATé-II (Liu et al., 2011) . We conducted a total of 100 iterations to find the 'best' phylogenetic tree. It should be noted that the best tree was produced on the first iteration after initial alignment and no improvements to that tree where made in subsequent iterations.
In our single-phase Bayesian inference analysis (in BAli-phy), the dataset was partitioned into two different segments (16S and 28S sequences) and we used unlinked general time-reversible + gamma + the proportion of invariable sites (GTR + + I) models of evolution for each marker. During the analysis, sequences were randomly re-aligned before using them, three pre-burnin iterations were used to refine the initial tree, and the RS07 indel (alignment) model was used for each partition (Redelings and Suchard, 2007) . In this model, gap lengths are geometrically distributed with an extension probability E. The probability of an indel event depends on branch length in this model (Redelings and Suchard, 2007) . Progression of log likelihood ratios and values for other numerical parameters through time (iterations) were examined using the software TRACER v1.6 (Drummond and Rambaut, 2007) and found to stabilize (converge) before the 500 th generation. Thus, a total of 122,000 iterations were run, the first 1000 iterations were discarded as burn-in, the Markov chain was sampled every 500 iterations, a total of 242 sample trees were retained from each chain, and the results from four different MCMC runs (N = 968 total trees) were combined to calculate the 50% majority rule consensus tree.
Two different sets of PICs were obtained using the package PDAP: PDTREE (ver. 1.16; Midford et al., 2011) in Mesquite (ver. 2.75; Maddison, 2011 (2010 in Refs.) ) using log transformed male and female carapace widths and the ML and BI phylogenies. To test for Rensch's rule, we performed separate reduced major axis regressions using both maximum likelihood and Bayesian inference PICs in the software RMA (Bohonak and van der Linde, 2004) . The slope for each RMA regression was generated with 10,000 replicate bootstraps (Sokal and Rohlf, 1994) . We tested whether or not the slopes calculated above deviated from isometry using two separate t-tests. We also calculated 95% confidence intervals (CIs) for these slopes. Allometry is detected when the slope of the regression deviates from unity. If the slope of our RMA regression is >1, then SSD in Majoidea is considered to follow Rensch's rule (Fairbairn, 1997 (Fairbairn, , 2005 Abouheif and Fairbairn, 1997) . Conversely, if the slope is isometric or <1, the pattern of SSD in this superfamily does not follow Rensch's rule. We also used the 'raw' log-transformed male and female carapace width data to test for Rensch's rule using RMA and the same protocol above.
RESULTS
Sexual Size Dimorphism in Petramithrax pygmaeus
The mean CW ± SD for male individuals was 3.35 ± 1.73 mm with a range of 1.15-11.00 mm (N = 696); for females, the mean CW ± SD was 4.54 ± 1.38 mm with a range 1.35-9.00 mm (N = 402). Though the mean size of the CW was larger for the female compared to the males (t = 12.56, df = 1, 990, P < 0.001), the latter sex attained overall greater body sizes (Fig. 1) .
Allometry of Body Structures Exhibiting One Growth Phase in Petramithrax pygmaeus
A total of 56 males and 48 females were used for the analysis of allometric growth in P. pygmaeus. A positive correlation was found between the CW and the length or width of the different measured body parts for both sexes of P. pygmaeus (P < 0.001 in all cases). Importantly, the degree of allometry differed among the different body structures as well as between the sexes (Table 1) . Visual examination of the relationship between CW and carapace length, length of the merus of the larger cheliped, length of the merus of the first and second walking leg, and pleopod length indicated that there was a single ontogenetic phase with a single growth rate of the structures above in the studied species.
In both males and females, carapace length (CL), length of the merus of the first walking leg (1R), and the length of the merus of the second walking leg (2R), all exhibited negative allometric growth with respect to CW; the slope of the relationship between these structures and CW was less than unity (P < 0.001 in all cases) ( Table 1, Fig. 2 ). An ANCOVA indicated a significant effect of sex (F = 14.91, df = 1, 100, P = 0.0002) and body size (CW) (F = 17,536.1, df = 1, 100, P < 0.0001) on carapace length. The ANCOVA interaction term was not significant (F = 0.8767, df = 1, 100, P = 0.3514). This means that at any given size the length of the carapace is slightly larger in males than in females and that this structure grows at approximately the same rate in the two sexes (Fig. 2) .
Negative allometry was also observed in the relationship between the length of the merus of the first right walking leg (1R) and carapace width (Table 1, Fig. 2) . The ANCOVA for 1R demonstrated that there was no effect of sex (F = 3.1048, df = 1, 100, P = 0.0811). There was an effect of size on merus length (F = 4237.371, df = 1, 100, P < 0.0001) and the interaction between these two variables was not significant (F = 0.0, df = 1, 100, P = 0.9983). This shows that at any given body size, the length of the merus of the first walking leg is the same regardless of sex.
The relationship between the carapace width and the length of the merus of the second right walking leg (2R) also showed negative allometry for both males and females (Table 1, Fig. 2 ). The ANCOVA showed that there was an effect of sex (F = 4.319, df = 1, 100, P = 0.0403) and of body size (F = 3090.912, df = 1, 100, P < 0.001) on 2R. The interaction term was not significant (F = 0.0662, df = 1, 100, P = 0.7975). For the merus of the second walking leg, male and female P. pygmaeus have the same rate of growth, regardless of CW.
The length of the first right pleopod (1PL) exhibited negative allometric growth in males (b = 0.707, P < 0.001) while the length of the second right pleopod (2PL) exhibited isometric allometry in females of P. pygmaeus (b = 1.060, P > 0.05) (Table 1, Fig. 2 ). An ANCOVA demonstrated an effect of sex (F = 611.4117, df = 1, 83, P < 0.001) and Table 1 . Relative growth of selected structures in males and females of Petramithrax pygmaeus. The regression equations for the log 10 corrected data, correlation coefficients (adjusted for df), standard errors of the slopes (SE s ), and the allometric status of each studied variable are shown. CW, carapace width; CL, carapace length; AW, abdomen width; ChL, length of the propodus of the larger chelipeds; ChM, length of the merus of the larger chelipeds; 1R-length of the merus of the first right walking leg; 2R, length of the merus of the second right walking leg; 1PL, length of the first right pleopod (males only); 2PL, length of second right pleopod (females only). Values for AW and ChL are throughout ontogeny and not separated into the two ontogenetic phases. ANCOVAs were used to test for differences in AW and ChL and CW between males and females. See text for additional details. of body size (F = 271.0667, df = 1, 83, P < 0.0001) on 1PL. The interaction term of this ANCOVA was significant (F = 10.8096, df = 1, 83, P = 0.0015). At any given size, the second right pleopod in females is therefore longer than the first right pleopod in males, and as CW increases, 2PL grows disproportionably larger in females compared to 1PL in males. Males exhibited positive allometric growth (b > 1, P < 0.001) in the length of merus of the larger cheliped (ChM) with respect to CW (b = 1.157, P < 0.001), while in females the relationship was negatively allometric (b = 0.929, P < 0.001) ( Table 1 ). An ANCOVA demonstrated that there was a significant effect of sex (F = 22.4548, df = 1, 99, P < 0.0001) and of CW on ChM (F = 1727.568, df = 1, 99, P < 0.0001) and the interaction term in the ANCOVA was significant (F = 20.5593, df = 1, 99, P < 0.0001). At any given body size, the length of the merus of the larger cheliped is thus larger in males than in females, and the growth rate of ChM relative to CW is greater in males compared to females.
Determination of Growth Phases in Petramithrax pygmaeus
Following visual examination of the data, the relationship between CW and the length of the propodus of the larger cheliped (ChL) in males, and the relationship between CW and abdomen width (AW) in females, suggested the existence of two ontogenetic phases in P. pygmaeus (Fig. 3) . In order to confirm this assertion, a hierarchical clustering analysis (HCA) was performed for each of the two data sets. For the relationship between CW and ChL in males, the HCA separated crabs into two separate well-defined clusters. The first cluster comprised of 20 individuals between 1.31 and 5.06 mm CW. The second cluster was made up of 34 individuals between 5.1 and 11.8 mm CW. The HCA for CW and AW in females also separated crabs into two clusters. The first cluster was composed of 14 individuals between 1.52 and 3.5 mm CW. The second cluster had 32 individuals of CW between 3.75 and 9.00 mm.
A subsequent discriminant analysis (done for further confirmation of our findings) for CW vs. ChL was able to assign 85% of the crabs (47 out of 55, with a greater than ninety percent match) to one of the two grouping previously Fig. 3 . A, Top: hierarchical cluster analysis denoting two distinct clusters for relative growth of the width of the abdomen as a function of carapace width for female Petramithrax pygmaeus; bottom: relative growth of the width of the abdomen as a function of carapace width for male and female P. pygmaeus; B, Top: hierarchical cluster analysis denoting two distinct clusters for relative growth of the length of the propodus of the major as a function of carapace width for male P. pygmaeus; bottom: relative growth of the length of the propodus of the larger cheliped as a function of carapace width for male and female P. pygmaeus. created by HCA. Furthermore, the regularized discriminant analysis for CW vs. AW did place 100% of the females (N = 48) into one of the two clusters indicated by the HCA, with a greater than ninety percent prediction accuracy. Altogether, the data above does indicate the presence of two ontogenetic phases in P. pygmaeus.
Allometry of Body Structures Exhibiting Two Growth Phases in Petramithrax pygmaeus
For the length of the propodus of the larger cheliped (ChL) in males, allometry was positive for both the first and second ontogenetic phases (b = 1.1 and 1.4, respectively). Visual examination of the relationship between CW and ChL suggested that the shift from one ontogenetic phase to the next occurs at 5.10 mm, which is in agreement with the results from the HCA and discriminant analysis above. In female P. pygmaeus, which exhibited only a single ontogenetic phase in the relationship between CW and ChL, the allometry was isometric (b = 1.07). An ANCOVA on the relationship between CW and ChL demonstrated an effect of sex (F = 4.3830, df = 1, 43, P = 0.0422), and of size (F = 1216.610, df = 1, 43, P < 0.0001), and that the interaction term in this analysis was not significant (F = 0.0005, df = 1, 43, P = 0.9827). Thus, when comparing males in the first ontogenetic phase to small females (CW < 5.07) the rate of growth for ChL did not differ between the two, regardless of body size. An ANCOVA for the relationship between CW and ChL for males in the second ontogenetic phase and larger females (CW > 5.07) showed that there was an effect of sex (F = 45.7791, df = 1, 52, P < 0.0001) and of size (F = 149.1666, df = 1, 52, P < 0.0001). The analysis also showed that the interaction term was significant (F = 7.6689, df = 1, 52, P = 0.0078). At any body size greater than 5.07 mm, P. pygmaeus males will thus have a larger cheliped than females, and the rate of growth is greater for males as well (Fig. 3) . The relationship between the width of the abdomen (AW) and carapace width in female P. pygmaeus was positive in the first (b = 1.36), and isometric (b = 1.02) in the second ontogenetic phase. Visual examination of the data suggested that the switch between the first and the second ontogenetic phase occurred around 3.75 mm, which agrees with the results of the HCA and discriminant analysis above. In males, where only a single growth phase was seen, isometry was negative (b = 0.89) throughout ontogeny. An ANCOVA for the relationship between CW and AW for the first ontogenetic phase in females and small males (CW < 3.5 mm) showed that there was an effect of sex (F = 8.8015, df = 1, 22, P = 0.0071) and of size (F = 107.6748, df = 1, 22, P < 0.0001), and that the interaction between the two terms was not significant (F = 1.0975, df = 1, 22, P = 0.3062). These results show that females will have a larger AW at any given body size, but that the rate of growth for both males and females will be the same. The ANCOVA for the second ontogenetic phase of female growth, with larger males (CW > 3.5 mm) showed that there was an effect of size (F = 1322.152, df = 1, 74, P < 0.0001), of sex (F = 264.2447, df = 1, 74, P < 0.0001), and that the interaction between the terms was not significant (F = 3.5066, df = 1, 74, P = 0.0651). Female P. pygmaeus will thus have a larger AW at any given body size, and the rate of growth of the AW is the same for both males and females (Fig. 3) .
A Test of Rensch's Rule in Spider Crabs
We obtained maximum body size data for male and female crabs in a total of 12 species in the superfamily Majoidea. Petramithrax pygmaeus males and females had the smallest maximum body size (11.8 mm and 8.8 mm, respectively), whereas Damithrax spinosissimus males and females exhibited the largest maximum body size (144.6 mm and 106.5 mm, respectively) . In all samples, the largest male individual was either greater than or equal to the size of the largest female individual.
Reduced major axis (RMA) regression analyses using the phylogenetic independent contrasts generated with BI and ML trees did not produce slopes that differed significantly from a slope of unity (BI: b = 1.148, t = 0.9310, df = 10, P = 0.3737; ML: b = 0.9953, t = −0.0315, df = 10, P = 0.9754; Log Corrected CW: b = 0.9320, t = −1.1703, df = 10, P = 0.2690) (Fig. 4) . This indicates that the predictions of Rensch's rule are not followed by our set of crabs belonging to the superfamily Majoidea. This is further supported by the fact that the 95% confidence intervals for both analyses included 1.0 (BI: 0.913, 1.532; ML: 0.832, 1.201; Log Correct CW: 0.835, 1.007).
DISCUSSION Sexual Size Dimorphism in Petramithrax pygmaeus
At first glance, our observations suggest that the pygmy crab Petramithrax pygmaeus exhibits reverse sexual size dimorphism (RSSD) with respect to body size, because females attain, on average, a larger carapace width than males. We nevertheless found that male P. pygmaeus still attained larger final body sizes than females in our samples. Our observations are similar to those reported by Cobo and Alves (2009) for the closely related Damithrax tortugae (Rathbun, 1920) , in which females are, on average, larger than males but males attain final larger body sizes than females. Cobo and Alves (2009) reported, however, that the size difference between male and female individuals was not statistically significant. Our results and those of Cobo and Alves (2009) nevertheless disagree with what is commonly reported in other species of brachyuran crabs that exhibit either reverse or classical sexual dimorphism. For instance, in species with reverse sexual size dimorphism, males attain both smaller average and maximum body sizes compared to that of females, as in the brachyuran crabs Planes major (MacLeay, 1838) (Pfaller et al., 2014) and Tunicotheres moserii (Rathbun, 1918) (Hernández et al., 2012) . In crabs that exhibit classical SSD, males possess both larger average and maximum body sizes than females: Damithrax spinosissimus , Mithraculus forceps Milne-Edwards, 1875 (Cobo, 2005) , and Maja squinado (Herbst, 1788) (Sampedro et al., 1999) . We do not have a clear understanding about the condition driving this rather unusual pattern of SSD in P. pygmaeus. Nonetheless, one process that might well explain our observations involves differential food monopolization ability by males of different body sizes. If older and larger males are competitively superior and more efficient in monopolizing food than younger and smaller individuals in the same population, then severe growth constraints among the juvenile and sub-adult males in the population might explain the observed skewed size frequency distribution observed for P. pygmaeus. No information on size-dependent fighting ability exists in P. pygmaeus. Nevertheless, drastic resource monopolization by the largest males in the population has been reported before in other crustaceans (e.g., Macrobrachium rosenbergii (De Man, 1879) (Ra'anan and Sagi, 1985) ). Large dominant males of M. rosenbergii, which allocate considerably to weaponry (chelipeds) are known to dominate smaller younger males. This appears to result in severe limitation on food acquisition and reduced growth rates for intermediate and small but not large males in the population (Ra'anan and Sagi, 1985) . Other factors that could explain the body-size distribution include differential reproductive requirements as well as habitat selection and distribution (Shine, 1988) . It has been shown in other species of crabs that the distribution of juveniles and adults differs based on environmental characteristics (i.e. density of conspecifics, resource availability) (Ribeiro et al., 2005) . Furthermore, size has been demonstrated to play a role in predation, and the distribution of P. pygmaeus could be explained through larger males being preferentially preyed upon, and thus seen less frequently in our sampling (Iribarne and Martinez, 1999) . Additional experiments on the behavior of P. pygmaeus will help elucidate whether size-specific resource dominance and/or other ecological processes explain the patterns of sexual dimorphism herein observed for P. pygmaeus.
Allometric Growth in Petramithrax pygmaeus
Petramithrax pygmaeus exhibits sexual dimorphism with respect to body size. Sexual dimorphism in terms of parti- Fig. 4 . A, One-phase SATé analysis of maximum likelihood using two gene markers for representatives of the superfamily Majoidea; B, One-phase Bayesian inference phylogenetic analysis in Bali-Phy using two gene markers for representatives of the superfamily Majoidea; C, Relationship between body size of males and females using phylogenetic independent contrasts based on the One-phase SATé analysis of maximum likelihood; D, Relationship between body size of males and females using phylogenetic independent contrasts based on the One-phase Bayesian inference phylogenetic analysis; E, Relationship between body size of males and females using the raw dataset. The slope of the relationship between male and female body size is shown in C, D, and E. See material and methods and results for additional details. cular body parts was nevertheless found to be limited in this species. For instance, our results demonstrated that the length of the merus of the larger cheliped, the length of the merus of the first and second right walking legs, and carapace length were not sexually dimorphic. It is noteworthy that although the first and second walking legs were not sexually dimorphic, these structures displayed negative allometry throughout ontogeny; individuals of the two sexes allocated a disproportional amount of resources to ambulatory legs (in terms of length) when younger and smaller than when larger and older. Increased ability to escape from predators with longer legs might explain our observations. To the best of our knowledge, no studies have attempted to relate leg length and speed of movement in crabs or in other marine or freshwater invertebrates. In some vertebrates, however, longer legs have been shown to correlate with increases in speed while individuals move through their natural environment, as in lizards (Losos, 1990; Schulte et al., 2004) , and increased speed likely improves the ability for prey to escape from predators (see Hurlbert et al., 2008) . A putative relationship between leg length and increased speed of movement through the environment might explain why P. pygmaeus exhibits negative allometry in pereopod length. Future studies focusing on the relationship between leg length and speed in P. pygmaeus will help to understand the adaptive value of negative allometry not only in crabs but in other marine crustaceans exhibiting the same growth pattern in ambulatory structures.
The observed differential resource allocation to legs during the ontogeny of P. pygmaeus so far agrees with theoretical considerations indicating that the smallest and most vulnerable individuals within a species should devote more energy towards the development of defensive and/or predator-evasive structures in order to increase their survivorship (Stearns, 1992; Roff, 2002 ; see also Anderson et al., 2013) . Considering that both male and female individuals in this species would face the same or very similar chal-lenges as juveniles, it is not surprising that they would exhibit the same degree of allometry for this structure.
Similar to that reported above for the merus of the cheliped, the lengths of the first right pleopod in males and the second right pleopod in females exhibited only a single growth phase. Nonetheless, this structure was sexually dimorphic. Female of P. pygmaeus exhibited isometric growth of the second right pleopod, whereas males exhibited negative allometry for the first right pleopod. Furthermore, females featured longer pleopods than males at any given body size. In brachyurans, including spider crabs, eggs are retained within an abdominal brooding chamber after spawning where these eggs are attached to the pleopods via oviferous setae (Cheung, 1966) . It should pay for females but not necessarily males (in term of fitness) to develop longer pleopods as that will likely result in increasing the total number of eggs that females can harbor in the abdominal chamber and/or the efficiency with which these eggs are retained and protected within the same chamber. Studies on the relationship between fecundity and pleopod length should provide further insight on the conditions driving allocation to pleopod length in the studied species and other brachyuran crabs.
Two Different Ontogenetic Phases in
Petramithrax pygmaeus While most traits we examined in this study exhibited a single growth phase through ontogeny, other structures (i.e., propodus of the cheliped in males and abdomen width in females) experienced substantial shifts in relative growth. These shifts occurred over a narrow range in carapace width in the studied specimens (5.1 and 3.75 mm CW in male and females, respectively) suggesting the occurrence of two ontogenetic phases in P. pygmaeus. In spider crabs of the superfamily Majoidea, to which P. pygmaeus belongs, shifts in resource allocation (allometric growth of particular body structures) near the onset of sexual maturity are well known (Hartnoll, 1965 (Hartnoll, , 1974 Berke and Woodin, 2008) . Indeed, in males of P. pygmaeus, the shift from isometric growth to positively allometric growth in the length of the cheliped at approximately 5.1 mm CW suggests the existence of a pubertal molt separating juveniles from adult individuals that occurs at that body size range in this species. The above agrees with that reported for other spider crabs in which males display a greater positive allometric growth of their chelipeds (claws) relative to body size after a pubertal molt compared to before this pubertal molt (Hartnoll, 1974; Finney and Abele, 1981) . The size of the cheliped plays a major role in determining the outcome of fighting ability, and thus, mating success in males from several crab species (Hartnoll, 1968 (Hartnoll, , 1974 Schöne, 1968; Warner, 1970; Pinheiro and Fransozo, 1993; Christy and Wada, 2015) . The positive allometric growth and overall large claws developed by males after puberty is likely adaptive as it probably increases the likelihood of winning during agonistic interactions among males for access to receptive females.
In turn, in females of P. pygmaeus, two ontogenetic phases were detected when exploring the growth rate of the abdomen. Females initially displayed positive allometric growth of the abdomen with a switch to isometry occurring at approximately 3.75 mm CW. As with the cheliped in males, the ontogenetic shift in relative growth of the abdomen in females of the studied species likely indicates a switch to sexual maturity, as reported before in various other crab species (Hartnoll, 1974 (Hartnoll, , 1982 . The wide abdomens of females often translate into larger brood sizes (Crawford and De Smidt, 1922) . Thus, the early positive allometric growth observed for the abdomen likely ensures that the greatest amount of space for brooding eggs will be available once females have attained maturity. Once sexual maturity is reached, however, it might pay (in term of fitness) to divert energy towards egg production rather than continue expanding the abdominal chamber. The above might explain the observed decrease in abdomen relative growth in the largest sampled females (Hartnoll, 1982) . Males, in contrast, exhibited negative allometric growth of the abdomen throughout ontogeny. The abdomen of male brachyuran crabs is used only to protect and support the gonopods, and since there is relatively little change in the size of the gonopods throughout the lifetime of male brachyuran crabs, a larger abdomen is not required (Hartnoll, 1982) .
Overall, the gross patterns of allometry displayed by P. pygmaeus aligns with previously published data in spider crabs (Hartnoll, 1965 (Hartnoll, , 1968 Sampedro et al., 1999; . This study also confirms the notion that spider crabs exhibit a remarkably consistent pattern of ontogenetic development after the larval period as similar patterns to the one herein described occurs across a broad range of species in this taxon (see reviews of Hartnoll, 1974, 2015 and references therein; Hartnoll, 1982) . Our study suggests that phyletic dwarfism does not have major effects on the postlarval development in brachyuran crabs. Whether or not phylogenetic dwarfism affects other individual-level traits such as reproductive output, egg size, and fecundity, remains to be addressed and P. pygmaeus can be used as an example to explore this topic.
A Test of Rensch's Rule in Spider Crabs
Although our dataset is limited (N = 12 species), this study does not support Rensch's rule in spider crabs belonging to the superfamily Majoidea. While Rensch's rule has been widely investigated, support for it has been so far equivocal, with taxa displaying male-biased sexual size dimorphism more likely to support Rensch's rule than taxa displaying female biased size dimorphism (Abouheif and Fairbairn, 1997) . Furthermore, sexual size dimorphism that supports Rensch's rule has been shown to be common in vertebrate taxa, regardless of whether size dimorphism is male or female biased (Abouheif and Fairbairn, 1997; Fairbairn, 1997) . In contrast, support for Rensch's rule has been widely inconsistent in invertebrate taxa (Andersen, 1994 (Andersen, , 1995 Abouheif and Fairbairn, 1997; Fairbairn, 1997; Blanckenhorn et al., 2007) . To the best of our knowledge, the study conducted by Hirst and Kiørbe (2014) is the only previous work formally testing Rench's rule in another group of marine invertebrates (i.e., copepods). The study of copepods did not find support for Rensch's rule in agreement with our results. Importantly, Hirst and Kiørbe's (2014) test of Rensch's rule did not correct for phylogenetic effects, likely given the absence of a published robust phylogenetic hypothesis in the species-rich Copepoda.
Rensch's rule is most often attributed to differential sexual selection regimes between males and females within a species and assumes that sexual selection is more intense on males than females (Fairbairn and Preziosi, 1994; Abouheif and Fairbairn, 1997; Fairbairn, 1997) . It could be argued that our failure to support Rench's rule in the studied spider crabs is due to the absence of strong agonistic interactions among males when competing for access to receptive females (i.e., a violation of a relevant assumption). Nonetheless, malemale competition is a well-known process in crustaceans, including spider crabs (Diesel, 1991; Sneddon et al., 1997; Yasuda et al., 2015) . Furthermore, female preference for larger males have been well demonstrated in this group as well (Corgos et al., 2006; Murai and Blackwell, 2006) . Additional studies in other crustacean clades are needed before any robust conclusion about the universality of Rench's rule in marine invertebrates can be raised.
Although our study does not support Rensch's rule, it would be worthwhile testing for it in secondary sexual traits used as weapons, as in the chelipeds in crabs. Very few empirical studies have explored for allometry consistent with Rensch's rule in male secondary sexual characteristics (Fairbairn and Preziosi, 1994; Fairbairn, 2005) . The chelipeds of most brachyuran crabs have evolved into formidable weapons that play a major role during fights between males as well as in the attraction of females (Shuster and Wade, 2003 and references therein). The same structure is less important in female crabs within the context of social interactions. As such, there would be strong selective pressure acting on the size of the appendage in male crabs. Future studies looking at the relationship between male and female chelipeds could allow us to gain an understanding of one of the selective pressures acting on crabs, a widely diverse and species-rich group of marine invertebrates. 
